gas pressure is sufficiently high, the induced supersaturation can produce vascular bubbles. By means of the classical perfusion-dependent model of inert gas elimination, which assumes that the effects of diffusion are minimal, the magnitude of the total inert gas pressure can be predicted. If, however, the effects of diffusion cannot be ignored, the supersaturation could be substantially larger. This paper estimates the effects of diffusion in a Krogh cylinder on the supersaturation produced by suddenly changing the inert gas partial pressure in the blood. The results of these estimates indicate that diffusion plays a role in this transient supersaturation only in long Krogh cylinders with high blood flows. The effects of diffusion are further reduced by the finite time necessary to switch the inert gases in arterial blood. The conclusions are supported by experiments that measure vascular bubble production after a switch of the inert portion of the inspired gas. These experiments further show that the formation of vascular bubbles after such a switch cannot be entirely explained by the different diffusion constants of the gases used. inert gas; diffusion; gas transport; bubbles; counterdiffusion; decompression; microcirculation; diffusion models DUE TO THE DIFFERENT uptake and elimination rates of inert gases in the body, it is possible to produce transient supersaturations in the body by changing the composition of the inspired gas. If this switch is done at a high pressure, the supersaturation can be sufficient to produce vascular bubbles (1,4,6,9,10). The purpose of this paper is to calculate the maximum possible supersaturations that can occur after a gas exchange. Two alternative models of gas exchange are considered to give an accurate calculation of this supersaturation.
The Problem
The classical model of gas uptake and elimination divides the body into a number of parallel perfusionlimited compartments. The gas pressure in these compartments is assumed to be uniform, and the elimination rate is determined from the volume of the compartment, the blood flow to the compartment, and the solubility of the gas in the tissue and in the blood. This model can be used to calculate the total inert gas pressure in the tissue during an isobaric switch.
Although this model may accurately describe the slower components of the uptake and elimination of gas from the body, it is not clear that it gives an accurate prediction of the total gas pressure, and therefore the supersaturation, at any point in the tissue (4, 7). It is possible that other factors, such as diffusion, may affect the extreme gas pressure at any point in the tissue during an isobaric switch (12). To answer this question a more detailed model of the gas transport in tissues must be used.
Analytical Approach
There are a number of different models that can be used to described the transport of gases in the body. For the purposes of this analysis we have chosen the wellknown Krogh cylinder model of the tissues. In this model, the tissue is regarded as made up of parallel cylinders with capillaries down the center. To simplify the discussion further, we assume that there is no gas barrier at the capillary wall. The symmetrical arrangement of the cylinders gives the approximate boundary condition of no net gas flux across the outer boundary of the cylinder. We also assume that there is no diffusion flux out the end of the cylinders and no radial gradient in the capillary. Under these conditions, the pressure P at a point x, r satisfies the diffusion equation
where D is the diffusion constant of the gas in is the outer radius of the cylinder; rl is the radius; and L is the length of the cylinder. 
at ax dr where S is the tissue-blood partition coefficient and Q is the blood flow to the cylinder. These equations give no flux out the boundary of the cylinder and conserve mass in the capillary. We do not solve these equations but rather two simplifying approximations. 1) Flux due to axial diffusion is much smaller than the flux due to blood flow or radial diffusion. That is, the only mechanism moving gas axially down the cylinder is bulk flow via the capillary. In this case, referring to Eq. 1, we drop the term D@P/8x2). 2) Radial equilibration is sufficiently fast to make radial gradients negligible. In this case, we keep the axial diffusion as a transport mechanism. 
jtiC=Dia, rdr
Tissue-blood partition coefficient is 1.0; blood velocity is 0.005 cm/s.
(la) c out is ratio of pressure at outer boundary of cylinder to pressure at capillary. This means that P(x, rl, t) is a decaying traveling wave with velocity U, frequency ~3, and decay rate R, where Tables 1 and 2 give some values of R, u, and C&2) for various tissue sizes and diffusion coefficients and c3)s. Some implications of these values are discussed later.
Approximation 2 (radial equilibration).
In this approximation, we assume that the diffusion constant is sufficiently high and the radius sufficiently small to assure radial equilibration in the times of interest. The range of validity of this assumption can be seen from the discussion of the first approximation (no axial diffusion). This model has been described by Per1 and Chinard (II), and analytic solutions have been given by Brenner (2). To describe the range of validity of this approximation and to compare the results with the first approximation, we have chosen the same method of solution as in the first approximation.
With reference to Fig. 1 , the flux (Fl) of gas across any Given are damping distance (R), velocity (u), and pressure at outer boundary of 100~ym radius tissue cylinder with 3-pm radius capillary for gas with diffusion constant of 2.0 x lo-" cm2/s, using the approximation with no axial diffusion for various frequencies of inlet pressures. Tissue-blood partition coefficient is 1.0; blood velocity is 0.055 cm/s. Gout is ratio of pressure at outer boundary of cylinder to pressure at capillary. The accuracy of the approximations can be estimated from an examination of the solutions to the two approximations. From approximation 1 with no axial diffusion, we see from Table 1 that in a 30-pm-radius tissue cylinder there is less than a 1% radial gradient for frequencies less than 0.1 H. This shows that in this frequency range radial equilibration has occurred; hence the second approximation is valid.
The conclusion that radial equilibration is fast and that therefore radial gradients can be ignored . can be justified in ano ther m .anner, using the classical solution to the diffusion equation in a cylinder (12). For a 30.pm cylinder with the diffusion coefficient of N2 (2 x 10B5), the slowest time constant is 0.36 s (Fig. 2) . If the perfusion time constant of the tissue is long with respect to 0.36 s and if the time frame of interest does not contain the first second of the switch (the transit time for blood down cylinder), then radial equilibration has occurred, and the second approximation is valid.
The perfusion-time constant of most gases in most tissues is certainly more than 50 s, and the average for N2 is certainly more than 10 min. In addition, the slowest axial diffusion time constant in a 500.pm-long cylinder is L2/tiD = 12 s. As the axial diffusing time is fast, the compartment is almost well-mixed. This is illustrated in Figs. 3 and 4 .
Thus, for the most inert gases, the approximation assuming radial equilibration seems to be accurate for the cylinder sizes, blood flow, and frequencies in the physiological range. where To is large with respect to the equilibrium time of the gas in the cylinder and amplitude P,. Thus setting ~0 = 2n/To, PI can be written as
Calculations of Total Inert Gas Pressures
and hence the gas using Eqs. 1-4, pressure at any position and time is, 4" PO P(r, x, t) = -Cimag C(w, x, r) ej"(2n+1)oot rrr,=02n+ 1 (17)
where usual.
C(w, x, r) is a complex function andj = J-i -9 as
.5 Seconds
This series converges in the sense that the fraction of gas involved in the higher-frequency harmonics becomes small. However, it is not the case that the maximum difference between a partial sum of the series and the square wave becomes small. In fact, this maximum dif- consequence in the experimental situation described in ..a . this paper.
I .4 1 In reality, these high-frequency components are not present in the physiological systems we are considering. If the method of gas exchange is through the lungs, the time constant of arterial blood-gas partial pressure is at least 10 s under normal conditions. Thus the 90% "rise time" of the arterial gas pressure is 30-40 s. Rise times of this order can be obtained using frequencies of less than l/40 = 0.025 Hz. Thus we need consider only frequencies slower than this. If approximation 2 is used, then C and P become independent of r. The constants Sn are chosen to approx-TABLE 3. Various coefficients for nitrogen, imate the inlet partial pressure as a function of time.
helium, and neon Figures 3 and 4 give venous supersaturations in various size cylinders for gases similar to nitrogen and helium. The response of these cylinders is close to the response of a well-mixed compartment. It is only when the length of the cylinder is either long (over 1000 pm) or when the blood flow is high (perfusion time constant of the gas less than 50 s) that the diffusion plays a role in the total supersaturation during a switch. This is illustrated in Fig.  5 (12 
Comparison with Simple Models in Use
The supersaturation predicted by the "perfusion-limited tissue" can be calculated as follows. The pressure of the gas washing out satisfies the equation - With a diffusion-limited approximation to the gas exchange, an approximate value of the supersaturation can be derived in the same manner, using the ratio of diffusion constants rather than the ratio of partition coeffi-$0 
cients. Thus the supersaturation is
This assumes that there is only one mode involved in the solution of the diffusion equation. This can be seen from the solution to the first approximation (Fig. 2) . This approximation is valid for large cylinders with high bloodflow (radius of ZOO-300 pm, volume/blood flow, 20 S).
As for most tissues, capillary lengths are less than 500 pm and intercapillary distances are less than 60 pm, the venous pressure in the cylinder using approximation 2 is a simple exponential, depending only on the perfusiontime constant of the gas in the cylinder. Thus we use the perfusion-limited tissue model to calculate supersaturations.
We should point out that even if there are tissues in the body that are diffusion limited, the calculations using approximation 1 indicate that the supersaturations occur not in the capillaries but in the bulk tissues. Bubbles produced by this supersaturation might not enter the blood and hence would not be detected by a central venous Doppler.
To apply the model, one must know the tissue-blood solubility ratio and the diffusion coefficients of each gas. These are not easily available or measurable in all tissues in the body. We have chosen to use measured blood solubilities in goats and to use the water and fat solubilities of the gas to calculate the tissue solubility by assuming 15% fat in the tissue. The diffusion coefficients used are from published aqueous diffusion constants (8). These constants are in Table 3 .
The model derives experimental support from results of several isobaric gas-switch experiments using Ne, Ne, and He (5). Goats were equipped with ultrasonic cuffs for bubble detection.
The calculated supersaturations with the diffusion-limited model and the well-mixed compartment model at 7 atm with 4% 02 are given in Table 4 . The isobaric gas switches that produced bubbles were N:! to He and N2 to
